A technology for the production of sulfur composite materials based on waste from BaCl 2 at Karpov Mendeleyevsk Plant (Russia) was developed. The physical chemical and quantum chemical studies were performed for the "sulfur -sulfide containing industrial waste-filler" system. The usage of sulfide ion CaS enables sulfur activation to promote the chemical interaction between the components and synthesis of sulfides and sulfur materials with high physical mechanical properties from them.
Introduction
One of the key aspects of resource efficiency is the effective use of production waste. Rehabilitationofman-madedepositswillsolvetheimportantproblemsinthe Russian mineral resources sector and improve the ecological situation.
Thesustainablemultipurposeuseoffeedstockreducesthequantityofunderused substances, increases a range of end products, makes it possible to manufacture new products from the portion of the feedstock which has been gone to waste earlier. All the above indicates the urgency and importance of the disposal and recycling problem for waste from the different industry sectors [1] [2] [3] [4] [5] [6] [7] [8] .
About the Problem
This paper discusses the possibility of producing calcium sulfide using silicon containing waste from Karpov Mendeleyevsk Plant. This waste contains 20.5% of silicon dioxide and up to 14.7% of calcium sulfide. Sulfide ions are known to be nucleophilic activators for sulfur ring cleavage. The presence of sulfide ions CaS may help in increasing the chemical activation of sulfur, and producing calcium sulfide and sulfur composite materials with high physical mechanical properties on its basis [9] [10] [11] [12] [13] .
By being nucleophilic agents the sulfide ions activate sulfur to promote the chemical interaction between the components and synthesis of sulfur materials with high physical mechanical properties from them. The samples were made using the proposed formula, and with optimum component ratio they have high coefficient of resistance to HCl, H 2 SO 4 , CaCl 2 , NaCl, MgSO 4 solutions, high impact resistance (52 MPa), freeze resistance (280 cycles) [14] [15] [16] [17] [18] [19] [20] .
The physical chemical and quantum chemical studies in the "sulfur -sulfide containing industrial waste -filler" system.
The mechanism of component interaction in the "calcium sulfide -sulfur" system was studied using the quantum chemical calculations.
The physical chemical and quantum chemical studies were performed in order to explain changes in the properties in the structure of the samples.
X-ray diffraction studies of the samples of sulfur concrete with sand-and-gravel material and fine-ground filler (waste from barium chloride production in Karpov Mendeleyevsk Plant)showed that there were orthorhombic sulfur ( Fig. 1 ). The thermal gravimetric studies of BaCl 2 production waste revealed the endothermic processes which occurred in the temperature range 140-250°С (endothermic effect at 180 °С ). They were accompanied by a loss of the sample mass (3.3%), which was related to removal of hygroscopic and crystalhydrate water ( Fig. 2 ). With further temperature rise the system heat content is observed to increase, which appears to be associated with oxidation of the mixture components (possibly, calcium sulfide).
When heated to 500 °С the total loss of the sample mass is equal to 5% wt. Based on the results of the differential thermogravimetric curve the initial filler -waste -was subjected to drying in the drying cabinet for several hours to prevent gas formation and blowout of the sulfur concrete.
The IR spectroscopic studies established that the sample of sulfur concrete with fine-ground filler (BaCl 2 production waste) had no absorption peaks in the range of 3400-3600 cm -1 and 1621 cm -1 , which correspond to water deformation vibrations ( Fig. 3) .
No new absorption bands responsible to sulfide bonds and change in their intensities are observed in the range of 450-550 cm -1 .
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Materials Engineering and Technologies for Production and Processing III Fig. 3 . IR spectra of samples of BaCl 2 production waste (1) and sulfur concrete with waste (2).
Electron paramagnetic resonance spectroscopy showed that the heat-treated sulfur had a lot of paramagnetic centers (15502 standard units).
The presence of active centers in the heat-treated sulfur is indicative of a rupture of the sulfur rings and occurrence of the biradicals in the system, and interaction between sulfur and BaCl 2 waste results in sharp decrease in paramagnetic centers in the system (7 standard units).The "quenching" of paramagnetic centers after mixing sulfur with calcium sulfide containing waste indicates the chemical interaction in the system.
The quantum chemical studies were performed in the "sulfur -calcium sulfide" system to evaluate the influence of calcium sulfide on the activation of sulfur ring rupture. The calculations were made using density functional method by Priroda software with basis 3z.bas that includes p and d orbitals in the atoms.
As the calculations show, addition of CaStoS 6 results in significant decrease in bond energy in the cycle by 67.36 kJ/mol and stretching from 210.5 pm to 243.9 pm (Fig. 4) . The reaction is exothermic (-302.21 kJ/mol). The addition is likely to occur by means of s-orbitals with the formation of valence bonds (Ca-S(7) -277.7 pm, Ca-S(2) -277.8) and vacant p-orbitals of calcium with the formation of donor-acceptor bonds (Ca-S(3), Ca-S(5), Ca-S(1)) ( Fig. 5 ). The energy of Ca -S bond in the compound Ca(SH) 2 is equal to 304.14 kJ/mol. According to the calculations we made it takes 369.51 kJ/molto break two bonds Ca-S(2) (valence) and Ca-S(3) (donor-acceptor) in CaS 7 (Fig. 5) . Thus, the energy of donor-acceptor bond Ca -S(3) is ≈ 60 kJ/mol, and of valence bond Ca -S(2) is ≈ 300 kJ/mol. Then, the reaction between calcium sulfide and sulfur occurs by means of s-and p-orbitals of calcium with the formation of valence and donor-acceptor bonds.
The addition of CaS to S 8 is also exothermic (-267.27 kJ/mol), and forms similar valence and donor-acceptor bonds (Fig. 6 ). When heat effects of the formation reactions for CaS 7 (-302.21 kJ/mol) andCaS 9 (-267.27 kJ/mol), and molecule geometries ( Fig. 5 and Fig. 6 ) were compared, CaS 7 compound was revealed to be more stable from the thermodynamic point of view. Then, as the quantum chemical calculations show, the presence of calcium sulfide conduces to weakening of the bonds in the sulfur cycles, opening of a sulfur ring and formation of calcium polysulfides with strong valence bonds. These factors govern production of durable and chemically stable material. Clearly, from thermodynamic point of view CaS 7 is the most stable structure (Fig. 5 ).
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The properties of sulfur composites are much influenced by the filler geometry: first of all, it is powder fineness. Fine fillers are suitable enough to fill the interfacial space between the sulfur binder particles. According to the studies, as the filler fineness increases the ultimate strength of the material improves. The reason for that is higher reactivity of the ground silicon containing filler where the particles have higher surface activity after grinding as a result of partial breaking of bonds Si-O-Si in the crystal lattice.
The effect of filler loading capacity and fineness cannot be considered in isolation. In fact, this is about the area of common interface, more specifically, contact between the filler -binder phases per a unit binder volume.
The microscopy analysis of the sample showed that the smaller sulfur crystals were responsible for not only higher strength of the sulfur binder, optimum film thickness around the filler, but strong adhesive bonds between sulfur and filler surface (Si-O-S). Much higher strength of the sample with sand (binder-filler ratio is 40-60 % wt.) can be explained by the formation of more compact structure where the fine filler particles (fraction of less than 0.5 mm) fill the intergranular aggregate space in the sample evenly and provide additional intermolecular bonds in the binder-filler phase boundary. A higher sand ratio in the filler (more than 20%) makes the composite density decrease by 0.3 g/cm 3 , which is likely due to the lower intensity of the bond between binder and filler [11] [12] [13] [14] .
As one of the disadvantages of sulfur and sulfur materials is its propensity to burn the resulting samples were tested for burning behavior. The studies showed that the samples of sulfur concrete based on sulfur and sand-and-gravel material were burnable. When the waste from BaCl 2 production in Mendeleyevsk Chemical Plant is added to sulfur concrete it significantly reduces burnability of sulfur composite materials based on industrial waste, which are self-extinguishing. Flame chilling time is 5-6 seconds.
X-ray transmissivity of the samples with the waste from BaCl 2 production in Mendeleyevsk Chemical Plant was analyzed according to the known procedure. This analysis showed that the presence of barium sulfate in the waste (13% wt.) decreased X-ray transmissivity of the samples two times.
Conclusions
1. The technology for synthesis of calcium sulfides and sulfur composite materials on their basis using silicon containing waste from barium chloride production was developed; the compositions and operating practices were improved.
2. The quantum chemical studies confirmed that calcium sulfide has an activating effect on sulfur melt. It manifests itself in lower rupture energy of sulfur rings, formation of reactive sulfur radicals, interaction between the latter and calcium sulfide, and formation of polysulfides.
3. The physical chemical studies established the chemical interaction between sulfur and silicon containing waste with the formation of sulfides, which dictates the formation of compact uniform structure and high physical mechanical properties of sulfur composite materials made from them. 4. It was established that addition of BaCl 2 production waste to sulfur composite materials decreased the composite burnability significantly.
5. The presence of barium sulfate in the waste (13% wt.) decreases X-ray transmissivity of the sulfur composite samples two times.
